ABSTRACT. An increase in intracellular Ca2+ concentration ([Ca2+]) and morphological events were simultaneously observed by epifluorescence and differential interference contrast (DIC) microscopy during fertilization of the sand dollar, Clypeasterjaponicus.
which plays a key role in starting development, was reported in various eggs. In large eggs such as medaka (2, 18) and Xenopus (9) eggs, a ring-shaped wave of [Ca2+] increase propagated through the egg from the point of sperm entry or pricking. In smaller cells such as sea urchin and golden hamster eggs (1, 3, 12) , the increase also travels across the entire cell. However, the relationship between [Ca2+] increase and the events involving morphological changes such as sperm incorporation and FE elevation has not been elucidated. In particular, the timing when sperm attachment and FE elevation occur has not been investigated simultaneously with [Ca2+] measurement, although the sperm entry point is indicated by the fertilization cone or the micropyle.
In this study, the timing of sperm-egg attachment, the increase in [Ca2+] , and FE elevation was determined using a recently devised microscope which allows us to observe both epifluorescence and DIC images simultaneously without any changes in the optical setup throughout the observation period. were prepared as described as earlier (5) and were also injected. The experiment was carried out at 25± 1°C. Fluo-3-injected eggs were observed with a Nikon microscope equipped with a simultaneously observable system of both DIC and epifluorescence using a B-2 filter cassette. This microscope is modified in three points compared to the convenient microscope which is used for DIC or epifluorescence by changing optical setup alternatively; the analyzer is set after the barrier filter in the optical path in order that the fluorescence is not reduced by the analyzer, the azimuth angle between the dichroic mirror and the analyzer or the polarizer is 90°instead of 45°, and single objectives can be utilized for both DIC and epifluorescence observation. In order to distinguish the fluorescent image from the DIC image, the latter was formed by red transmitted light with wavelength greater than 580 nm which was obtained by adding a longpass barrier filter to the illuminating system, whereas the former was green (the peak wavelength of fluorescence emission of Fluo-3 is 526nm (ll)). Therefore, structures in the DICimage such as sperm, egg cytoplasm, and FE were observed in red color, whereas the [Ca2+]-increased area in the egg became yellow as a result of mixing red and green light. Fluorescence and DICimages were accumulated for 1.5 sec on 3 CCDelements of a CCDcolor camera (HCC-3600, Flovel Co. Ltd., Tokyo) whose analog RGBsignal was monitored on a TVwhose screen was photographed at 1.5 sec intervals. The microscopic images were recorded through the video camera with a SONYvideo cassette recorder (VO-5600) and analyzed by reviewing the records. Fluorescence and DIC micrographs were also taken separately on Kodak T-Max 400 film directly from the microscope.
RESULTS AND DISCUSSION
During fertilization, the attachment of the sperm and FE elevation were observable as red in DIC images, and simultaneously, [Ca2+] increase was detected as an increase in the green fluorescence of a Ca2+indicator, Fluo-3 (1 1), which had been injected into the egg. Therefore, the [Ca2+]-increased area in the egg became yellow as a result of mixing red and green light. As shown in near the attached site of the sperm began to decrease before the arrival of the increase at the opposite site ( crease travels as a band-like wave using Fura-2 although the band-width of Ca2+ wave was shorter than that in the present study. These results confirm that increasing Ca2+ around the attached site in the egg cytoplasm does not simply diffuse into the surrounding cytoplasm, but that Ca2+ is released and then sequestered gradually from the initial site to the opposite site through the whole egg cytoplasm. FE began to elevate when the increase in [Ca2+] reached the egg center (Fig. le) .
The results of 15 samples which were suitable for analysis are summarized in Fig. 2. [Ca2+] increased 8.6±2.6 sec (n=5) after the sperm attached to the egg surface.
[Ca2+] increase spread throughout the egg within 24.2±3.5 sec (n=10), and ittook 10.5±2.6 sec (n=12) to reach the egg center after the initiation of the increase and 13.5±1.8 sec (n=13) from the center to the antipode. Although this time of 24.2 sec was somewhat longer than that reported in other species (6-9 sec in Lytechinus variegatus (1) and 12-15 sec (3) and 21.0 sec (16) (10) in L. variegatus. FE elevation is caused by the osmotic pressure in the perivitelline space generated by the contents of the cortical granules which are extruded into the perivitelline space after cortical granule breakdown slightly (a, b) . Thereafter, the upper egg of the three was injected with a calcium buffer at a high [Ca2+] of 2. 1 juM which then induced bright fluorescence due to [Ca2+] increase and FE elevation (c, d). The middle and lower eggs were control. Bottom micrographs (e-h): the upper and middle eggs among the three injected with Fluo-3 were just fertilized and showed FE elevation and increase in fluorescence (e, f). The lower egg was still un fertilized and control. Whenthe middle egg was injected with EGTAsolution soon after fertilization, the fluorescence signal decreased, indicating the decrease in [Ca2+] . On the other hand, the fluorescence of the upper egg was intense, which indicates that its [Ca2+] was still at a high level (g, h). The arrowhead is the fertilizing sperm, b, c, f, and g are fluorescence micrographs, and a, d, e, and h are corresponding DIC micrographs of b, c, f, and g, respectively. They were taken directly from the microscope. Scale bar is 50^m. (7, 14) . In the previous paper, a close relationship between [Ca2+] increase and cortical granule breakdown was reported, where the first breakdown of cortical granules was observed about 0.5 sec after the increase by means of microinjection of buffer solutions with high [Ca2+] (13) . However, FE elevation was not observed until 10.3 sec after [Ca2+] increase in the present study. Because it was found that 60% of the total cortical granules broke downwithin 10 sec after the first breakdown was recognized (manuscript in preparation), the osmotic pressure might become sufficient for FE elevation when more than 60% of the total cortical granules in the corresponding egg cortical area break down.
In order to confirm that this green fluorescence increase is due to the [Ca2+] increase itself, the following experiments were carried out, as shown in Fig. 3 . The top micrographs show that the un fertilized egg exhibited both green fluorescence increase and FE elevation when [Ca2+] in the egg was raised up to 2.1 juM by injecting the calcium buffer solution following the injection of Fluo-3. On the other hand, EGTAsolution may lower [Ca2+] in the egg cytoplasm by chelating Ca2+ when injected into sea urchin eggs (5, 6) . Soon after two of three un fertilized eggs were fertilized following the injection of Fluo-3, the green fluorescence increased and FE elevation was induced (e and f in the bottom micrographs of Fig. 3) . However, the increased fluorescence in one of them (the middle egg in Figs. 3 e and f) decreased to the level of the un fertilized egg cytoplasm (the middle egg compared to the lower egg in Figs. 3g and h) when it was injected with EGTAsolution shortly after fertilization. It is concluded that this green fluorescence increase resulted from the [Ca2+] increase itself rather than from any other influences such as pHincrease.
